Introduction
Nanouidic systems enable a wide range of engineering applications, owing to their small scale and large surface areas.
1,2 For instance, the nanoporous material functionalized (NMF) liquid has drawn increasing attention in recent years, which is composed of lyophobic nanoporous materials and liquids.
3,4 It's regarded as a novel and efficient candidate for energy conversion and absorption. Due to its ultra-large surface area (usually in the range of 100-10 000 m 2 g À1 ), a huge amount of mechanical energy can be converted into interfacial and thermal energy once the liquid is pushed into nanopores upon external loading, contributing to an energy absorption efficiency higher than conventional values by orders of magnitude. Extensive studies have been carried out on this nanoscale inltration and transport phenomena under quasi-static condition, however, little research has been conducted on its rate effect, which remains a critical challenge for its applications.
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Several experiments have been reported concerning the rate effect, but obtained inconsistent or contradictory results. The inltration of saturated sodium chloride solution into microporous silica MCM-41 was found to be rate insensitive, 8 while its inltration pressure into microporous zeolite ZSM-5 increased with loading rate.
9 Such rate effect has also been observed for the inltration of pure glycerol into mesoporous silica and carbon. 10, 11 Despite these experimental advances, the effects of liquid and solid properties as well as their interactions on the rate effect still remain blank, which is a critical part for the elucidation of its intrinsic mechanism.
To bridge this gap, in this paper we carry out comprehensive experiments to study the pressurized liquid inltration phenomenon into mesoporous materials, with varying loading rates, liquid compositions and temperatures. In this way, the mechanism of nanouidic rate effect is elucidated in detail. Based on our experimental results, the rate effect of mesoscale liquid inltration proves to be a combined contribution from the velocity slip phenomenon unique to nanouid, 12,13 and the shear viscosity force peculiar to conventional laminar ow.
14 That is, both the liquid viscosity and solid-liquid interaction should be taken into consideration. An effective viscosity at mesoscale is quantitatively investigated and compared with its bulk value. The inuence of temperature is also analysed as a support for the conclusions.
Experimental
The mesoporous material employed here was Fluka 100 C 8 reversed phase silica (Sigma-Aldrich 60755), with an average nanopore size of 7.8 nm. The specic surface area was 287 m 2 g À1 and the specic pore volume was 0.55 cm 3 g
À1
. The particle size ranged from 15-35 mm. 0.2 g silica was immersed in 2 ml liquid, then sealed in a stainless steel chamber with precisely-tted sealing rings. Based on the Instron 8872, a piston (with a diameter of 12.7 mm) was compressed into the chamber at a constant loading rate. Once the system pressure reached 56 MPa, the piston moved back at the same rate for unloading. Three kinds of liquid were investigated here, including deionized water, glycerol, and ethylene glycol. Two different loading rates were selected, being v ¼ 0.5 and 50 mm min À1 respectively. Note that 0.5 mm min À1 can be regarded as quasi-static, since further lowering the loading rate would not make any signicant difference. Fig. 1 shows the P-DV curves of these three systems at quasistatic and dynamic loading conditions. The specic volume change DV is dened as the volume occupied by piston per unit mass of silica, and the pressure P is the reaction force on piston divided by its cross-sectional area A. For the rst loadingunloading cycle in Fig. 1a , the overall trends of these curves are quite similar. Initially, the pressure changes linearly with system volume, indicating that the nanopore surfaces are lyophobic so that the liquid phase cannot enter the non-wettable nanopores. Once the pressure goes sufficiently high and overcomes the capillary effect, inltration starts and a plateau region is formed with a considerably increased compressibility. When all nanopores are lled, the system compressibility reduces abruptly. The unloading curves are quite linear like elastic recovery, indicating that most of the intruded liquid will be retained inside the nanopores without outow. This is validated by their second loading-unloading cycles in Fig. 1b where almost no further inltration can be found. Otherwise, if there's considerable liquid outow upon unloading, the 1 st cycle should have nonlinear unloading curves with deltration plateaus and the 2 nd cycles should also exhibit inltration plateaus since some nanopores become accessible for liquid to intrude again. Subsequent cycles are not shown here because they have exactly the same curves with the second cycle.
Results and discussion
By comparing the rst-cycle inltration performance of these three kinds of systems, one meaningful observation is the distinct inltration pressure P in . Under quasi-static condition, water, glycerol, and ethylene glycol contribute to a quasi-static inltration pressure P 16 P st in ¼ (k/r)g|cos q|, where k is a section factor which equals 2 for circular channels, r is the pore radius, g is the liquid surface tension and q is the contact angle. Note that the silica nanopore surface is very hydrophobic, so the most polar liquid tends to form the highest contact angle. Consequently, the highest P st in goes to the water based system while the lowest goes to the ethylene glycol based system. The glycerol based system obtains a moderate inl-tration pressure since both its dielectric constant and surface tension lie in between those of water and ethylene glycol.
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This also explains why aer the system is unloaded, small amount of water molecules will ow out indicated by the remaining inltration plateau in its 2 nd and following loading cycles, while glycerol and ethylene glycol molecules do not evidenced by its linear compressive behavior aer the 1 st cycle. This is because the nanopore surface is relatively more wettable by glycerol or ethylene glycol. The discussions on interfacial properties here will help our analysis on the rate effect in following parts.
As the loading rate increases, different liquids lead to various degrees of rate effect. Water based system is nearly insensitive to loading rate, while glycerol based system obtains a much higher dynamic inltration plateau P dy in compared with its quasistatic result P st in . Given that these three liquids have very different viscosities at room temperature, with water being 1 mPa s, ethylene glycol being 19.9 mPa s, and glycerol being 1412 mPa s, 17, 18 this rate effect may be attributed to some kind of ow resistance related to their viscosities. According to the classic Poiseuille ow solution, 14 the additional inltration pressure caused by the rate effect can be expressed as DP in ¼ (8hQL)/ (pr 4 ), with h being the effective viscosity of liquid in nanopores, Q being the ux, and L being the effective nanopore depth. This equation is based on continuum theory, but it is employed here for the purpose of self-comparison, to allow the analysis on effective viscosity and the comparison with its bulk counterpart H.
In order to provide a deeper insight on this issue, glycerolwater solutions of different volume concentrations were prepared and investigated. Fig. 2a shows the inltration pressures of these systems at both 0.5 mm min À1 and 50 mm min À1 .
Under quasi-static condition, P st in decreases gradually with the glycerol concentration C, which can be explained by its declining polarity and surface tension. While under dynamic condition, P dy in rstly declines when C < 0.85, but grows up aerwards, because the rate effect becomes stronger and prevents the decrease of inltration pressure. Consequently, DP in is shown to increase with C. A ¼ 127 mm 2 , and L ¼ 12.5 mm (taken as one-half of the average particle size 25 mm). Fig. 2b shows the value of h and H, and their ratio H/h at various glycerol concentrations. The inset shows the effective viscosity increasing with its bulk counterpart in power law, indicating that liquid viscosity may have the same impact on mesoscale uids as it does for bulk liquid. But this effective viscosity proves to be orders lower than its bulk value, and their ratio H/h increases sharply with glycerol concentration. So the loading rate effect of NMF liquid is much less pronounced than the prediction of continuum uid mechanics, which may be associated with the nanoscale connement. The above ndings are in agreement with previous simulation and experimental results about the ultra-fast transport rate of nanoconned liquid, which is typically higher than the prediction of classic continuum theory by more than one magnitude. 12, 13, 19, 20 The low effective viscosity found here, and this high ux phenomenon should be caused by the velocity slip unique to the nanoenvironment. Nonslip boundary condition is a common assumption for continuum uid, but no longer holds true at nanoscale. 12, 13 Liquid molecules can move along the nanopore wall, subject to solid-liquid interaction force as its ow resistance. In lyophobic nanopores, due to the weak solid-liquid attraction, the liquid ow becomes nearly frictionless and thus rapid, with a signicant velocity slip at the interface. 21 In that case, ideally, a plug ow prole can be formed, with no velocity variation and shear stress among liquid molecules. Therefore, the effective viscosity becomes much lower than its bulk value.
In this study, the nanopores are at mesoscale, so the liquid ow inside should still remain some patterns of laminar ow, instead of a perfect plug ow. 22 Conventional viscosity force in a laminar ow is caused by the inherent dissipation of bulk liquid, with a velocity prole of parabolic shape. Therefore, the ow resistance here comprises of two parts: the boundary force at the solid-liquid interface, and the shear viscosity force among liquid molecules. Furthermore, the solid-liquid interface serves as a boundary condition of the viscosity force, which cannot form without enough interfacial attraction. As the glycerol concentration increases, the surface wettability is slightly enhanced, proved by the decrease of inltration pressure. This allows a limited increase of both the boundary force and viscosity force. Their combined effect increases the effective viscosity, up to nearly 70 mPa s for a pure glycerol. However, this turns out to be a trivial growth compared with the change of its bulk value under the same condition. For a nonslip hydrodynamic ow without nanoconnement, the viscosity force can increase without restraint, up to 1400 mPa s for the pure glycerol. This explains why h seems to have an upper limit, and H/h increases sharply with glycerol concentration in Fig. 2b .
The above analysis is also in consistence with the testing results of ethylene glycol in Fig. 1 . Compared with glycerol, ethylene glycol is distinguished by its higher wettability (proved by its low inltration pressure), as well as its extremely lower viscosity, which is close to the value of water. Therefore, although enough interfacial attraction is provided, its viscosity force cannot obtain a meaningful growth. This results in its low effective viscosity, which accounts for its trivial rate effect.
The testing results at different temperatures will further support the above analysis. Fig. 3 shows the inltration pressures and effective viscosities of pure glycerol based system at a temperature ranging from 20 C to 140 C, obtained by liquid inltration tests conducted in an environmental control chamber. The quasi-static results are insensitive to temperature, with a constant inltration pressure around 12.5 MPa, while the inltration pressure under dynamic loading decreases signicantly with temperature. So the rate effect weakens gradually and becomes trivial at temperatures over 100 C. The constant quasi-static inltra-tion pressure reects that the solid-liquid interfacial properties remain unchanged at different temperatures. So the decline of rate effect results exclusively from the variation of viscosity. This to a great extent, demonstrates the existence of viscosity force in mesoscale channels. Fig. 3b presented the effective viscosity, which increases with its bulk value, and both of them decrease with temperature. As expected, h is much lower than H, and their ratio H/h decreases sharply with temperature. It is worth mention that for the non-outow NMF liquid investigated here, its energy absorption density is proportional to inltration pressure, so it is also sensitive to loading rate, and inuenced by temperature and glycerol concentration. For instance, the pure glycerol based system has an energy absorption density around 6.8 J g À1 under quasi-static condition, independent of temperature. However, this value can reach 9.5 J g À1 under dynamic loading (50 mm min À1 ) at 20 C, but decreases to 6.8 J g À1 at 140 C.
Conclusions
In summary, we provided experimental results on the rate effect of pressurized liquid inltration into mesoporous materials. With liquid composition and temperature varied, its detailed mechanism is elucidated. Results show that rate effect of mesoscale inltration is associated with both the solid-liquid interfacial property and liquid viscosity. Due to the lyophobic nature of mesopore surface in this study, the effective viscosity at mesoscale is orders lower than its bulk counterpart. A higher bulk viscosity can increase this effective viscosity, but subject to a constraint from the interfacial interaction. These ndings are unique to mesoscale uids, which lie between the nanoscale transport and continuum uid, characterized by the coexistence of velocity slip and viscosity force.
